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Brewster angle microscopyFrutalin is a homotetrameric α-D-galactose (D-Gal)-binding lectin that activates natural killer cells in vitro and
promotes leukocyte migration in vivo. Because lectins are potent lymphocyte stimulators, understanding the
interactions that occur between them and cell surfaces can help to the action mechanisms involved in this
process. In this paper, we present a detailed investigation of the interactions of frutalin with phospho- and
glycolipids using Langmuirmonolayers as biomembranemodels. The results conﬁrm the speciﬁcity of frutalin for
D-Gal attached to a biomembrane. Adsorption of frutalinwasmore efﬁcient for the galactose polar head lipids, in
contrast to the one for sulfated galactose, in which a lag time is observed, indicating a rearrangement of the
monolayer to incorporate the protein. Regarding ganglioside GM1 monolayers, lower quantities of the protein
were adsorbed, probably due to the farther apart position of D-galactose from the interface. Binary mixtures
containing galactocerebroside revealed small domains formed at high lipid packing in the presence of frutalin,
suggesting that lectin induces the clusterization and the forming of domains in vitro, which may be a form of
receptor internalization. This is the ﬁrst experimental evidence of such lectin effect, and it may be useful to
understand the mechanism of action of lectins at the molecular level.Universidade de São Paulo –
ense, 400, São Carlos, SP, Brazil.
.
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Lectins represent a large class of proteins that speciﬁcally bind
both simple and complex carbohydrates, in solution or attached to cell
surfaces, in a reversiblemanner. These proteins are involved in several
carbohydrate-mediated processes associated with recognition of
molecules present in membranes, e.g., cell–cell interactions, cell
communication, cell proliferation and death, or in the extracellular
matrix [1]. Since carbohydrates are themajor components of the outer
surface of mammalian cells [2,3] and because these sugars are speciﬁc
for each developmental stage of the cells, lectins can play an
important role in cell characterization. Changes in cellular glycosyl-
ation are a hallmark of cancer cells, and signiﬁcant correlations are
now established between some glycosylation patterns and clinical
prognosis [4,5]. Indeed, lectins are able to agglutinate malignantly
transformed cells, but not their normal parental cells [6–8]. Malagolini
et al. [9] reported that apoptotic cell lines from different histological
origins, as well as normal human and mice neutrophils become
strongly reactive with the SNA (Sambucus nigra agglutinin) speciﬁcfor Siaα2,6Gal/GalNAc structures. The latter was observed for cells
with different histology, leading to the conclusion that apoptosis and
primary necrosis induce a speciﬁc glycosylation change, which is
independent of cell type and nature of the stimulus [10]. Therefore,
lectins are pointed out as potential biotechnological tools for
diagnosis and therapy of different types of cancer, where some can
be employed as low toxicity drug delivery systems.
Among the lectins, jacalin-related lectin family (JRL) is a group of
plant lectins that derived their name from jacalin, theﬁrstmember to be
identiﬁed from the seeds of jackfruit (Artocarpus integrifolia). Jacalin is
composed of four subunitswith amajorα-chain of 133 amino acids and
a minor β-chain of 20 amino acids, which exhibited a type-I β-prism
fold, comprised of three Greek keys (4-stranded β-sheets) [11]. Lectins
in this family present a high structural homology and sequential
identity, although with different levels of speciﬁcity and afﬁnity for
ligands. Frutalin is a homotetrameric α-D-galatose lectin belonging to
the (JRL) family derived from Artocarpus incisa [12], with an apparent
molecular mass of 66 kDa. Previous results indicated that this lectin is
stable up to 60 °C and very resistant to chemical denaturation.
Furthermore, frutalin does not need metals to develop its hemagglu-
tinant activity, which is three times higher than jacalin.
In this paper, we investigated the interaction of frutalin with both
natural membranes of MDA-MB-231 tumor cells and artiﬁcial biomem-
brane models. The biomembrane models were used to investigate the
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layers containingphospholipids and glycolipids. The ability of frutalin to
speciﬁcally bind sugars incorporated in the membrane model was
helpful in understanding the initial steps of the macromolecular
interaction of the protein with glycobiomembranes. We have shown
for theﬁrst time in the in vitromodel that frutalin induces the formation
of clusters. Such effect is a consequence of the speciﬁc interactions
between frutalin and a galactose–lipid.
2. Materials and methods
2.1. Chemicals
Dipalmitoylphosphatidylcholine (DPPC), galactocerebroside (Gal-
Cer), sulfate cerebroside (Sul), and the ganglioside GM1 were
purchased from Avanti Polar Lipids and used without puriﬁcation.
The chemical structures of the lipids are presented in Scheme 1.
2.2. Frutalin puriﬁcation
Frutalin puriﬁcation was performed as described by Moreira et al.
[12]. Brieﬂy, dried seeds from A. incisawere ground and stirred for 6 h
in 0.15 M phosphate-buffered solution (PBS), pH 7.4, 1:10 wt./vol., at
4 °C. The mixture was centrifuged, 20 min at 2702×g at 4 °C. The
supernatant was submitted to dialoﬁltration on YM 3.5 membrane
(Millipore) in PBS to half its original volume, and this solution was
called crude extract. Frutalin was puriﬁed on a Sepharose-D-galactose
column eluted with 0.2 M PBS D-galactose, and protein concentration
was determined by the method of Bradford [13].
2.3. Cell adhesion assays
MDA-MB-231 breast tumor cells were obtained from ATCC HTB-26
(USA). Frozen cell stocks were inoculated in 75-cm2 cell culture ﬂasks
containing 10 mL of DMEM supplemented with 10% of FBS, 100 U/mLScheme 1. Chemical structure of the used phospholipids and glycolipids: dipalmitoylphosphat
(GM1).penicillin, and 100 μg/mL streptomycin. Cells were cultivated at 37 °C
under 5% CO2 atmosphere until reaching 90% of conﬂuence. For an
optimal growth, the medium was changed each 2 days. Adhered cells
were detached by incubation for 5 minutes in 5 mL of 0.25% trypsin in
PBS (50 mM phosphate buffer, pH 7.4, 0.5 mM EDTA, 150 mM NaCl).
Medium and serum were supplied from Cultilab, Campinas, Brazil.
Adhesion assays were performed as previously described [14].
Brieﬂy, cell suspensions were adjusted to 5×106 cells/mL in adhesion
buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MnCl2,
1 mM MgSO4) and CMFDA (chloromethylﬂuorescein diacetate) was
added up to a ﬁnal concentration of 12.5 μM. Cells were incubated for
30 minutes at 37 °C and then washed three times with the adhesion
buffer. The cell suspension was adjusted to 106 cells/mL. Frutalin
(10 μg) was previously incubated with D-Gal for 30 min at room
temperature at different concentrations (1–1000nmol/L). The mix-
ture was dispensed into 96-well ﬂat-bottom plates and incubated
overnight at 4 °C. The negative controls used 100 μL of a solution of 1%
bovine serum albumin (BSA) in the same buffer. Positive controls
were composed of 100 μL of collagen type I (10 μg per well). After
incubation, each well was poured out and blocked with 200 μL of BSA
100mg/mL in adhesion buffer for 2 hours at room temperature,
followed by three wash steps with adhesion buffer. Labeled cell
suspensions were dispensed into the coated wells (100 μL) and
incubated for 30 minutes at 37 °C. After washing out the unbound
cells, the remaining cells were lysed by the addition of 0.5% Triton X-
100. The plates were read using a SpectraMax Gemini XS ﬂuorescence
plate reader (Molecular Devices, Sunnyvale, CA) with a 485-nm
excitation and a 530-nm emission ﬁlter. The mean value of each
experiment (carried out in triplicate) was plotted and normalized in
percentage values of the positive controls.
2.4. Langmuir monolayers
Langmuir monolayers were formed by spreading a lipid solution
over an aqueous subphase containing PBS buffer solution. MilliQ-Plus™idylcholine (DPPC), galactocerebroside (GalCer), sulfate cerebroside (Sul), and ganglioside
Fig. 1. MDA-MB-231 cell adhesion in the presence of frutalin and frutalin+D-Gal at
different concentrations. Ninety-six-well plates were coated with collagen I (10 μg/well),
frutalin or frutalin plus D-Gal (1–1000 nM) overnight at 4 °C. After blocking with BSA
(100 mg/ml), CMFDA-labeled MDA-MB-231 cells (1×105 cells/well) previously incubat-
ed for 30 min at 37 °C on coated wells. After washing, remaining cells were lysed, and the
plate was read for the release of ﬂuorescence. Results are expressed as mean±SEM of
three independent experiments. The results were normalized by the collagen values that
were considered as 100% adhesion. The P value was determined using the Dunnett's test
comparing frutalin bars with frutalin+D-Gal bars (⁎Pb0.05; ⁎⁎Pb0.01). Collagen and BSA
were used as positive and negative adhesion controls, respectively.
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solutions. Lipid solutions were prepared in chloroform for DPPC or
chloroform/methanol (4:1) in the case of mixtures (DPPC/glycolipids,
with a molar ratio of 95:5). The surface pressure–area (π–A) isotherms
were performed in amini-KSV Langmuir trough. The trough is equipped
with a surface pressure sensor (Wilhelmymethod)andhoused in a class
10,000 clean room. π–A isotherms were obtained on monolayer
compression using movable barriers with a speed of 5Å2/molecule/
min. Initially, a Langmuir trough with total capacity of 35 mL was ﬁlled
with buffer solution, and then the lipid was spread on the air–water
interface to render an initial area per lipid molecule of ca. 135 Å2. After
solvent evaporation, frutalin was injected in the subphase and the
compression was performed after different time scales.
The kinetics of adsorption of lectin on the lipid monolayers were
determined by the pendant drop method with axisymmetric drop
shape analysis, using an automatic contact-angle tensiometer OCA-20,
from Dataphysics, Germany [15,16]. A lipid solution of ca. 10−4mol/L
was gently spread on the surface of a reduced size drop, which was
formed with the buffer solution, with or without frutalin. The drop
was then rapidly expanded up to a predetermined drop area to yield a
surface pressure of ca. 30 mN/m, corresponding to the biomembrane
lipid packing [17]. Subsequent changes in surface pressures due to
frutalin adsorption were plotted against time. The dynamic surface
elasticity data were obtained after the surface tension reached a
constant value, by using a periodic drop oscillation of 0.1 mm
amplitude (relative area variationΔA/A of 5.5%) and 1.0 Hz frequency,
in which the system reached a maximum elasticity value. The viscous
effect (imaginary elasticity) for the surface elasticity was estimated
from the phase angle.
2.5. Brewster angle microscopy
Brewster angle microscopy (BAM) images were obtained with a
BAM2Plus System from Nanoﬁlm Technologies (NFT - Germany),
using the same experimental procedures described by Dos Santos Jr.
[18]. The BAMprinciple is based on the fact that, for a p-polarized light
beam impinging on the water surface at the Brewster angle, no light is
reﬂected. Therefore, no light will reach a camera placed in the
direction of the reﬂected beam. The Brewster angle is determined by
the refractive index of both media forming the interface, for example,
water and air, for a clean water surface [19,20]. If a Langmuir ﬁlm is
formed, this interface is changed, and the refractive index will be
slightly changed, producing reﬂection of the light toward the camera.
An image of the interfacial ﬁlm structure will be formed by contrast
between regions without ﬁlm (dark regions—without reﬂection) and
spots where the water surface is covered with ﬁlm molecules (bright
regions—reﬂection).
3. Results and discussion
3.1. Adhesion assays
The ability of frutalin to induce cell adhesionwas investigatedusing
a MDA-MB-231 tumor cell line culture. Immobilized frutalin (10 μg)
was able to support tumor cell adhesion similarly to collagen I. The
latter effect was partially inhibited when frutalin was incubated with
D-Gal, only at concentrations in the range of 10–1000 nM(Fig. 1). Since
the presence of frutalin supports cell adhesion, it may be associated to
its interactionwith glycoconjugates on the cell surface, as observed for
other lectins. It has been demonstrated that frutalin activates speciﬁc
intracellular signaling pathways after binding to neutrophils [21]. This
is characterized by a rearrangement of the actin cytoskeleton dynamic,
as well as by a focal adhesion kinase (FAK) phosphorylation, and its
subsequent association to phosphoinositide 3-kinase (PI3K). Never-
theless, the molecular mechanisms of the lectin frutalin interaction
with biological membranes have not been completely elucidated. Toinvestigate the fundamental aspects of frutalin–cell interaction at the
molecular level, Langmuir monolayers were employed as biomimetic
systems. These are efﬁcient membrane models because they can
mimic half of a biomembrane at the same time allow control of the
density, architecture, and composition of the ﬁlm.
3.2. DPPC monolayers
Initially, the adsorption of frutalin was veriﬁed at a bare interface,
and for the concentrations studied in this work, no signiﬁcant
alteration in π was detected, indicating that no Langmuir or Gibbs
monolayer was formed. After that, the adsorption of frutalin was
investigated using DPPC monolayers at low surface packing, in a
molecular area of about 135 Å2. Fifteen minutes after the monolayer
formation, frutalin was injected in the PBS subphase. From Fig. 2, one
can observe that surface pressure variations depend on frutalin
concentration in the subphase. These changes are associated to the
protein interaction with the phospholipid monolayer and can be due
to the interaction (attraction or repulsion) with the polar head groups
or even penetration within the monolayer.
Nevertheless, hereafter we are going to designate this surface
pressure change as a generalized adsorption, until there are evidences to
discriminate the nature of this process. Therefore, for the lowest
concentration, 0.1μg/mL, no signiﬁcant adsorption of frutalin was
detected, even after 3 hours. On the other hand, for 0.5μg/mL, after a lag
time of more than 30 minutes, a small increment, of about 1.0 mN/m, is
recorded during a period ofmore than 2 hours. This lag time is no longer
observed for higher concentrations, but the adsorption extension does
not change signiﬁcantly, whereas the adsorption rate increaseswith the
protein concentration.
The adsorption of proteins at the air–water interface is a well-
studied phenomenon. Many proteins lose their biological activity after
exposure to the air–water interface, and its adsorption is a result of an
unfolding process, exposing their hydrophobic segments to the air
phase. Tripp et al. [22] presented a comparative study on the adsorption
of some globular proteins at a bare interface, which differs in their
composition, secondary structure, conformational stability, and surface
Fig. 2. Adsorption kinetics for frutalin over DPPC monolayers at 135Å2/mol at protein
concentrations of (■) 0.1, (▲) 0.5, (●) 1.0, and (▼) 2.0μg/mL.
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proteins, including superoxide dismutase and bovine ribonuclease A,
presented a lag time of few minutes before being adsorbed at the
interface. On the other hand, proteins like bovine serumalbumin,which
present a low effective surface hydrophobicity, rapidly adsorb at the
interface. Later on, other studies attested this proposition through
spectroscopic methods such as infrared spectroscopy, which showed
that the adsorption of some globular proteins at the air–water interface
is a result of their partial unfolding [23,24]. Conversely, the same
spectroscopic data indicated that some proteins, like horseradish
peroxidase, were not denatured when adsorbed on a preformed, low-
pressure lipidic monolayer. In this way, analyzing the adsorption
kinetics of frutalin on DPPCmonolayers, the slight increment in surface
pressure, is being initially attributed to a protein–DPPC interaction and
not to some loss of secondary structure of the protein.
Surface pressure versusmolecular area curves for DPPCmonolayers
were performed at different concentrations of frutalin in the subphase.
The curves were recorded 30 minutes after protein injection to allow
protein adsorption. Fig. 3 displays an expansion of themonolayer with
a small shift of the curve to higher molecular area values. This
expansion is dependent on protein concentration, in the same way it
was veriﬁed for the adsorption kinetics of frutalin at DPPCmonolayers
at low lipid packing (Fig. 2). Taking into account that lectin is very
hydrophilic and stable in solution, the results of kinetics and surface
pressure curves should not be related to the protein unfolding. One
should also be aware that the head group of the phospholipid is aFig. 3. Surface pressure isotherms forDPPC(■) inbuffer solution, (●) in frutalin0.1μg/mL,
and (▲) in frutalin 0.5μg/mL, recorded 30 minutes after protein injection.zwitterion at pH=5.0, having negative and positive charges coming
from phosphate (pKa∼1.8) and amine (pKb∼11.0) groups, respec-
tively. Since the pI for frutalin is 6.0, there canbe electrostatic repulsion
inﬂuencing the π–A curves, which displayed no changes in the main
phase transition, indicating that the lipid is occupying a larger area but
with no other species present at the interface. It is likely that the
increase in surface pressure observed in the adsorption kinetics plots is
also due to electrostatic repulsion, since the expansion of the
monolayer can be interpreted as an increase in the surface pressure
values for a constant area value. Similar results were formerly
observed for the enzyme alcohol dehydrogenase (ADH) interacting
with DMPA monolayers, in which electrostatic repulsion delays ADH
penetration in the initial steps, since the enzyme and the phospholipid
are both negatively charged [25].
Since frutalin exhibits speciﬁcity for sugar, it is expected that the
stability of the protein in solution increases by the presence of D-Gal. A
comparison of the adsorption of frutalin on DPPC monolayers in the
absence or presence of D-Gal, its binding sugar, was performed. Upon
comparison of the two curves presented in Fig. 4, one can note that the
presence of D-Gal in the solution promoted a decrease in the effect
produced on the surface pressure. Since the sugar does not interact
with the monolayer, frutalin is preferentially in the subphase,
indicating that the lectin is more stable in solution.
3.3. Mixed DPPC/glycolipid monolayers
After investigating the surface activity of the lectin and the inﬂuence
of its sugar binding on the interaction with pure DPPC monolayers, we
veriﬁed theeffect of theprotein onmixedDPPC/glycolipidsmonolayers,
to mimic the sugar immobilized on the cell surface. A proportion of 5%
was chosen according to the amount of glycolipids found inmammalian
cell membranes [26]. As can be seen in Scheme 1, the three glycolipids
employed have a galactose molecule as a polar head, but with
differences in the electrically charged group and monosaccharide
chain length. The latter allowed us to investigate both the inﬂuence of
the position of galactose in the polar head, using the ganglioside GM1,
and theeffect of chargedgroupspresent in the sugarusing theglycolipid
Sul. The results were compared with GalCer, which presents only a
galactose group as polar head.
Initially, to explore the interaction of frutalin with mixed mono-
layers, π–A isotherms were measured for mixed ﬁlms of DPPC–5%
GalCer in the absence and presence of frutalin. The curves are presented
in Fig. 5. The π–A isotherm for a DPPC–5% GalCer was more expanded
compared to pureDPPC, since theminimumarea permolecule, which is
48 Å2 for pureDPPC, increases to ca. 62 Å2 upon addition of 5% of GalCer.
Furthermore, the curve for this mixed ﬁlm does not present a plateauFig. 4. Adsorption kinetics of frutalin 1.0μg/mL over DPPC monolayers with the initial
surface pressureof 0 mN/m, (●) frutalin solutionwithout D-galactose, and (■) 10μg/mLof
D-galactose added to the frutalin solution.
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condensed phases (LE–LC). Comparing the curves for a pure DPPC ﬁlm
and for the mixed, we can infer that the mixture is nonideal, in
accordance with previous reports fromMaggio et al. [27,28].
The addition of frutalin (Fig. 5) caused different effects on the
packing of the monolayer. Initially, at higher area values, the lectin
promotes an expansion of the DPPC–5% GalCer mixedmonolayer. This
behavior cannot be compared with the effect of the lectin over DPPC
monolayers. In the case of this mixed monolayer (DPPC–5% GalCer),
we can observe that the shape of the curve is different in the presence
of frutalin. First, the π–A isotherm does not begin at zero surface
pressure because frutalin presents an induced surface activity, even at
low surface packing. This adsorption resulted in a shift of the isotherm
to higher molecular areas (expansion) until the surface pressure of ca.
25 mN/m is reached, indicating the incorporation of frutalin into the
monolayer at the buffer–lipid interface. Second, we can discuss the
behavior of the ca. 25 mN/m surface pressure. Interestingly, an
inversion in the initial behavior is noted, resulting in a shift of the
curve to lower-molecular area values. Since this condensation
provokes lower molecular area values than that obtained for a pure
lipid monolayer, we can speculate about the expulsion of the protein
from the interface. However, this ejection seems not to be the only
phenomena occurring. Some mixed systems reported in literature
resulted in a condensation of the lipid monolayer. Yin and Chang [29]
investigated the interfacial behavior of DPPC Langmuir monolayers
with ﬁbrinogen, one of the major plasma proteins, by using infrared
reﬂection–absorption spectroscopy. The authors observed that, for
the mixed DPPC/ﬁbrinogen layer at the interface, hysteresis curves
suggested that the ﬁbrinogen molecules were expelled from the
interface upon compression, apparently because of the presence of
insoluble DPPC molecules. Furthermore, the desorption of ﬁbrinogen
from the interface, at high surface pressure values, removed a
pronounced amount of DPPC. Upon a subsequent expansion, a
readsorption of ﬁbrinogen is noted. The expulsion of some molecules
from the interface was noted even for insoluble mixed ﬁlms, such as
the antifungal amphotericin B (AmB) with the lipid dipalmitoyl
phosphatidyl serine (DPPS). The authors investigated the collapsed
region and noticed the existence of two independent collapses: the
ﬁrst correspondent to the ejection of the AmB molecules from the
surface, and the other one to the expulsion of the phospholipid [30].
On the other hand, Maniti et al. [31] recently investigated the
interaction of mitochondrial creatine kinase (mtCK) with different
acyl chain length phosphatidylglycerol in Langmuir monolayers and
observed that both surface pressure and compressional modulus
showed a condensation effect for some lipids tested, indicating the
formation of a liquid-condensed phase, promoted by the protein. ForFig. 5. Surface pressure versus area isotherms for a DPPC–5%GalCer Langmuir ﬁlm formed
over a pure PBS buffer subphase (●) and over a subphase of PBS buffer containing 0.1μg/
mL of frutalin (■).our system, we believe that the effects discussed by Maniti et al. are
better applied, since just a single collapse was observed in our
isotherms.
Fig. 6 presents the π–A isotherms for the mixture of Sul and GM1
(in a 5% proportion) with DPPC. The idea was to compare the effect of
these lipids with the GalCer behavior to investigate parameters as the
charge and the position of the D-Gal immobilized at the interface. For
the DPPC–5% Sul mixedmonolayer, the LE–LC phase transition is more
evident than that observed in the curve for the DPPC–5% GalCer
monolayer, shown in Fig. 5, being more similar to those obtained for
pure DPPC. As it can be noted, the addition of Sul shifted the DPPC π–A
curve to lowermolecular areas. This behavior was expected and this is
in agreement with similar results obtained by Sun et al. [32], who
studied different Sul/DPPC molar ratios (from 0.2 to 1.0 of Sul) and
observed that by increasing the Sul molar ratio, the plateau
correspondent to the LE–LC coexistence is shifted to lower molecular
areas and higher surface pressures. The authors have also investigated
the thermodynamics of the mixture and concluded that the system is
miscible and stable, and the negative deviations from the ideality
suggested attractive interactions between the molecules, resulting in
the condensation of the ﬁlm.
The π–A isotherm recorded for the mixed DPPC–5% GM1 ﬁlm
indicates that the addition of the ganglioside affects the monolayer in
away that the LE–LC coexistence region is extinct. Furthermore, in our
case, 5% of GM1 expands the monolayer, since the minimum area
shifted from 48 to 62 Å2. It has been reported in the literature that the
effect of GM1 over DPPC monolayers is dependent on the molar
fraction between the lipids. Ohta et al. [33] observed that, at pH 1.2,
for GM1 values of up to 0.25, a condensation of the monolayer,
compared with pure DPPC, occurs. However, above 0.5 of GM1 molar
fraction, the monolayer seems to be more expanded.
For both systems (mixed DPPC–5% Sul or GM1), the effect of lectin
addition is similar to DPPC–5% GalCer, in which the condensation of
the monolayer was observed with the addition of the lectin at high
surface pressures. For the DPPCmixedmonolayer with Sul, we noticed
that besides this condensation, the presence of frutalin induces a less-
evident coexistence of the LE–LC region. Interestingly, for the
mixtures of DPPC with Sul and GM1, the inversion point at ca.
25 mN/m is not observed. This means that, for both expanded and
compact ﬁlms, frutalin is present at the interface. Hence, we can
speculate that the physical immersion of the protein in the lipid
monolayer is deeper, and/or the binding with the galactose unit is
stronger, which avoids frutalin expulsion.
For mixed DPPC–Sul and DPPC–GM1 monolayers the change in
molecular areas can be analyzed at the pressures of 10 and 30 mN/m,
representing ﬂuid and compact stages, respectively. At the lowerFig. 6. Surface pressure versus area isotherms for DPPC–5% Sul (●, ○) and DPPC–5%
GM1 (■, □) Langmuir monolayers formed over subphases of pure PBS buffer (○, □),
and PBS buffer with 0.1μg/mL frutalin dissolved (●, ■).
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containing ﬁlm, and from 84.9 Å2 to 77.3 Å2 for the GM1-containing
monolayer. In both cases, the shift promoted by the presence of
frutalin was ca. 7 Å2. However, at 30 mN/m, the displacement of
molecular areas for the isotherms of monolayers containing Sul occurs
from 56.2 Å2 to 43.3 Å2, and for GM1 system, from 54.6 Å2 to 39.6 Å2,
almost two times higher than the values obtained for the ﬂuid phase.
Fig. 7 shows the results of the investigation of the interaction
between frutalin and mixed monolayers, speciﬁcally at a surface
pressure of 30 mN/m. This surface pressure is correspondent to that
found for a lipidic packing of a natural biomembrane [17]. Adsorption
kinetics was followed by changes in surface pressure with time at a
constant area, using the pendant drop technique, with the axisym-
metric drop shape analysis. Upon comparing the timescales of Figs. 4
and 7, one may observe that adsorption of frutalin, which takes more
than 1 hour for expanded ﬁlms, takes place in a few minutes for a
monolayer in the condensed state. Moreover, the extension inwhich π
has changed, interpreted as the protein adsorption, is dependent on
the monolayer constitution. The interaction of frutalin promoted a
less pronounced increase in surface pressure for a pure DPPC
monolayer, in comparison to monolayers containing glycolipids. The
effects of frutalin were more evident for the DPPC–5% GalCer system,
in which equilibrium was not reached even after 12 minutes, at a
surface pressure above 34 mN/m (or ΔπN4 mN/m).
Comparing the adsorption kinetics for frutalin in the three systems
containing glycoconjugates, at a surface pressure of 30 mN/m, we
observed that only in the case of DPPC–5% GalCer that the curve
increased monotonically, whereas for the other mixtures, the
adsorption seems to occur in two steps. However, even for DPPC–
GM1 and DPPC–Sul systems, it is possible to perceive that the ﬁnal
surface pressure values are different, indicating differences in their
behavior. Based on the results in Fig. 7, some points should be
highlighted: (i) The adsorption of frutalin to DPPC–5% GalCer in a
single step can be attributed to an easiness of the lectin to interact
with the D-Gal group at the interface, since GalCer presents only this
monosaccharide as the polar head. (ii) For DPPC–GM1 and DPPC–Sul,
the initial decrease in the surface pressure can be related to a
preliminary orientation change of the hydrophobic tails to better
accommodate the protein molecules. In the case of DPPC–5% GM1,
these changes in orientation may be related to the position of the D-
Gal in the polar head, since in this glycolipid, the sugar is in a farther
position from the interface. We can speculate that, for the interaction
of frutalin with GM1, the protein does not reach the surface, occurring
in such way that the interface is less affected. Such events are not
readily detected in the surface pressure measurements, since they
require a lag time to cause changes in the alkyl lipid chain. (iii) For the
mixed system containing Sul, the initial lag timewas also attributed toFig. 7. Adsorption kinetics of frutalin 0.1μg/mL over Langmuir monolayers of (black line)
DPPC, (red line)DPPC–5%GalCer, (green line)DPPC–5%Sul, and (blue line)DPPC–5%GM1.a rearrangement of the lipid monolayer. However, in this case, the
change was promoted by an initial repulsion between the negative
charges from the sulfate groups of the lipid and frutalin. The
consequent alteration in the lipid packing probably facilitates the
interaction of the protein with the sugar in the glycolipid. This
behavior was previously observed for NCAP, an alkaline phosphatase
from the ﬁlamentous fungus Neurospora crassa [34].
3.4. Dilatational surface elasticity
After the system reached the adsorption equilibrium (Fig. 7), the
drop was submitted to a sinusoidal compression–expansion stress to
determine the dilatational surface elasticity of the ﬁlm. This parameter
is very important to verify how frutalin can affect the mechanical
resistance of themonolayer and the ﬂuidity of the ﬁlm. The results are
presented in Table 1.
In our case, E values are related to the effect of the protein on the
structure of the lipid monolayer, and how its presence can affect the
ﬂuidity of themembrane model [35–37]. When E values are higher for
the pure lipid monolayer than in the presence of the protein, we infer
that the presence of the protein affects the lipid packing, turning it
more ﬂuid and indicating that some interactions occurring in the
protein–lipid system are not preserved after the mechanical defor-
mation imposed to the surface by the applied frequency. This behavior
indicates a viscoelastic system, and is associated with a phenomena,
such as (i) conformational changes of the macromolecule; (ii)
orientational changes, mainly of the lipids hydrophobic tails, after
deformation; (iii) loss of the monolayer for the solution. In all three
cases, we consider that the components of the monolayer, in this case
lipid and protein, are not interacting in an efﬁcient way, since the
interactions were lost after disturbance. On the other hand, when E
values obtained in the presence of the protein were higher than those
for the pure monolayer, we characterize the system in which the
interaction or incorporation of the protein contributes as a more
structured monolayer. In several cases involving proteins and lipids,
the protein interacts not only with the lipid polar head but also with
the hydrophobic tails [35], causing the monolayer to be more oriented
and compacted. Comparing E values for the pure DPPCmonolayer and
those obtained in the presence of frutalin, one realizes that frutalin
reduces the surface elasticity, making the ﬁlm more ﬂuid. Considering
this result together with those from adsorption kinetics, one sees that
the interpretation in terms of slight repulsion of the DPPC molecules
and protein at the ﬁlm makes sense. In this way, the decrease in E
values attested that there is no attractive interaction between the
lectin and the lipidmonolayer, whichwas also the reason for the small
change in surface pressure caused by frutalin adsorption (Fig. 2).
The presence of frutalin at the subphase of the mixed monolayers
resulted in an increase of E values, indicating a different interactionwith
the lipid monolayer in the presence of glycolipids. Interestingly, the
effect of the lectin is almost the same for these three glycolipids, since
we can see in Table 1 that frutalin almost duplicates the E value as
compared with the E measured for pure monolayers (absence of
frutalin), respectively. This ﬁnding is much likely related to the fact that
the interaction of the lectin with the sugar groups occurs in more than
one step and the position of the sugar groups affects only the initial step
inducing changes in the adsorption kinetics. Since this kind ofTable 1
Dilatational surface elasticity values for the studied monolayers formed over a buffered
subphase in the absence and presence of frutalin.
Film components E in PBS (mN/m) E in frutalin 0.1μg/mL (mN/m)
DPPC 210.9 121.3
DPPC–5% GalCer 141.9 280.6
DPPC–5% Sul 110.3 223.2
DPPC–5% GM1 120.9 234.2
Fig. 8. BAM images for a DPPC Langmuir monolayer formed on a PBS buffer subphase
containing 0.1μg/mL of frutalin: (A) surface pressure of 9 mN/m—after 30 minutes—
beginning of LC domains nucleation; (B) domains of LC phase immersed on the LE ﬁlm.
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the area expansion is not enough to disrupt the galactose–lectin binding
at the interface. The effects of frutalin on the lipid ﬁlm were more
evident for the mixed system containing DPPC and GalCer, since this
glycolipid bears the D-galactose group closer to the hydrophobic region
and hence is located at the interface. For this reason,we had elected this
system to evaluate morphology characterization by using Brewster
angle microscopy (BAM).
3.5. Morphology analysis by using Brewster angle microscopy
For clarity, our results on surface morphology of DPPC monolayers
over water subphase were omitted, for they are well known and have
beenwidely investigated [38,39]. One interestingmorphologic feature
regarding the DPPC monolayer is the formation of well deﬁned, bean-
shaped domains that appear when the ﬁlm undergoes the liquid-
expanded-to-liquid-condensed transition. At the beginning of the
compression (LE phase; π∼1 mN/m), the ﬁlm is completely homo-
geneous, and on decreasing of surface area, small spots appear,
around π=3mN/m. Such spots change to bean shaped domains at
pressures from 5 to 12 mN/m. After the end of the phase transition,
these domains coalesce and the ﬁlm becomes homogeneous on theFig. 9. BAM images for aDPPC–5%GalCer Langmuirmonolayer formedonapurePBSbuffer subp
of domains of the phase transition). (C) π of 16 mN/m (coalescence of the liquid-ordered domaliquid-condensed phase until they collapse. Importantly, the evolu-
tion of the morphology for DPPC ﬁlms over the buffer we have used
shows the same proﬁle as in water.
The surface pressure isotherm for the DPPC ﬁlm formed over the
subphase containing 0.1μg/mL of frutalin presented only a few
changes in comparison to the isotherm of the lipid ﬁlm formed on
pure buffer subphase (Fig. 3). Upon analyzing the BAM images,
however, we can see that the addition of frutalin changes the surface
pressure in which the liquid-condensed domains start to nucleate on
the liquid-expanded ﬁlm. In this case, the domains become visible
only at pressures higher than 9 mN/m. In the presence of the protein,
the domains are smaller and have their shape more like circles. Fig. 8
shows two BAM images obtained at a surface pressure of 9 mN/m,
showing the nucleation of the domains (A), which become irregular at
ca. 13 mN/m pressures (B).
Themorphology of a DPPC ﬁlm containing 5% of GalCer, formed over
pure buffer, is quite different from that observed for ﬁlms without the
glycolipid. Four images taken at different stages of the monolayer
compression are shown in Fig. 9. Although the phase transition plateau
is not clear in the isotherm of the mixed ﬁlm (Fig. 6), the domains of
liquid-condensed phase appear earlier in this case, around 5 mN/m
(image A). Moreover, the most distinguished feature is that there are
two classes of domains with different shapes and size. For example, in
Fig. 9B (taken at 11 mN/m), small spherical domains of a condensed
phase mixed with large irregular domains are observed. The latter are
probably related to a liquid-ordered phase rich in GalCer. Note that this
image was chosen since it is representative of the general morphology
observed in the range of pressures between 8 and 14 mN/m. At
increased surface pressures, both types of domains start to coalesce
(image C—16 mN/m) and form a homogeneous phase that serves as a
matrix for small spots (imageD—pressure of 20 mN/m). These spots are
probably constituted by segregated molecules of GalCer.
Figs. 10AandBdepict the images obtained for anewDPPC–5%GalCer
monolayer after 5 and 16 minutes of frutalin injection, respectively
(before compression π initial=0 mN/m). In the ﬁgures,we can see that
white spots start to appear after 16 min. It is important to note that these
white spots were observed neither for the DPPC–frutalin system nor for
the protein adsorption onto a bare air–buffer interface. Before the
beginning of compression—between 16 and 30 min—no more changes
were observed on ﬁlm morphology, but the surface pressure value
gradually increased to 5 mN/m. BAM images from different regions of
the same ﬁlm (collected after 30 min) are shown in Fig. 11. For clarity,
the images are associated with the point of the isotherm in which they
were taken. For the DPPC–5% GalCer monolayer containing frutalin, LChase. (A)π of 5 mN/m(beginningof LCdomains nucleation). (B)πof 11 mN/m(twokinds
ins). (D) π of 20 mN/m (liquid-ordered ﬁlm showing spots of phase-segregatedmaterial).
Fig. 10. BAMvisualization of a DPPC–5%GalCermixed Langmuirmonolayer formed over a
PBSbuffer subphase containing0.1μg/mLof frutalin. Imageswere taken fromtheﬁlmwith
an initial surface pressure of 0 mN/m and after (A) 5 minutes and (B) 16 minutes of
protein injection.
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pure DPPCﬁlm in contactwith lectin (Figs. 11A and B, taken at π=7and
8 mN/m, respectively). A similar behavior was found for DPPC–5%Fig. 11. BAM visualization of a DPPC–5% GalCer mixed Langmuir monolayer formed over a PB
of the ﬁlm compression: (A) 7 mN/m, (B) 8 mN/m, (C) 15 mN/m, (D) 18 mN/m, (E) 21 mN
centre because scanning for complete focusing was not possible due to the high ﬁlm ﬂuiditGalCermixed ﬁlm formed in the absence of the protein, which points to
a trigger effect caused byGalCer on the formation of LCdomains. Despite
of this similarity between themixed ﬁlms, in the casewhere the protein
is present, only one type of liquid-condensed domain is observed, with
an irregular shape and reduced size (Fig. 11C), in contrast with the two
domains observed in Fig. 9B. After a subsequent compression, a
coalescence of the liquid-condensed domains, in the range of pressure
between 18 and 25mN/m (images D and E), is clearly seen. The ﬁnal
morphology observed before the collapse of the ﬁlm is very similar to
the one found for the mixed ﬁlm in the absence of frutalin, i.e., a
homogeneous matrix containing small circular spots (image F).
Regarding conclusions from the BAM characterization, we could see
that ﬁrst, the presence of GalCer stabilizes the formation of liquid-
condensed domains in the DPPC ﬁlm, which could be formed at lower
values of surface pressure. Frutalin showed two majors effects over the
morphology of the mixed ﬁlms: ﬁrst, it favors the appearing of clusters
even for the noncompressed ﬁlm, that is also the reason for the more
expanded isotherm at high areas (Fig. 6). Second, the lectin promoted
the blending of the lipids, since the duality of domains existent in the
absence of the protein vanished in the presence of it. Eventually, the
ﬁnal morphology for the DPPC–5% GalCer ﬁlm is the same with or
without frutalin dissolved in the subphase. Probably, this is due to the
expulsion of frutalin at high states of packing, predicted by the surface
pressure–area isotherms of Fig. 6. However, such unequivocally proof
can only be obtained with the use of composition-sensitive techniques
or statistical and theoretical analyses.S buffer subphase containing 0.1μg/mL of frutalin. Images were taken at different points
/m, and (F) 35 mN/m. (Images from A to E are focused just in a horizontal stripe at their
y).
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We demonstrated that frutalin can interact with Langmuir mono-
layers; however, its incorporation to the ﬁlm is observed only in the
presence of glycolipids containing D-Gal. Adsorption kinetics and
dilatational surface elasticity data indicated that the position of the
galactose and the presence of charged groups affected the initial steps of
the frutalin interaction, as noticed for GM1 and Sul-containing mono-
layers, with a ﬁrst decrease in the surface pressure. BAM images showed
that frutalin can induce the formation of domains even for the
noncompressed DPPC–GalCer ﬁlm. Probably, these domains could be
“raft-like,” but this is currently under investigation. The observation of
these microdomains can have important consequences in membrane
organization, since they can represent clustering of possible receptors or
evenamechanismof cell internalization,whichremains tobeelucidated.
Since frutalin binds to the cell surface, as demonstrated here for
MDA-MB-231 cells, and activates intracellular signaling pathways in
neutrophils, the results presented here add new evidences for the
molecular mechanism of membrane interaction with lectins. There-
fore, the biotechnological applications of frutalin can be expanded to,
for example, incorporating such proteins in nanoparticles for targeted
drug delivery.
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